We systematically explore the stability, bonding characteristics, and electronic and magnetic properties of two-dimensional ͑2D͒ few zinc oxide layers ͑few-ZnOLs͒ with or without fluorination by using density functional theory approach. The pristine few-ZnOLs favor stable planar hexagonal structures, which stem from their unique bonding characteristics: The intralayer Zn-O interaction is dominated by covalent bonding while the interaction between layers is weak ionic bonding. Furthermore, we demonstrate that fluorination from one side turns the planar few-ZnOLs back to the wurtzitelike corrugated structure, which enhances the stability of the 2D ZnO films. The fluorinated few-ZnOLs are ferromagnets with magnetic moments as high as 0.84, 0.87, 0.89, and 0.72 B per unit cell for the number of layers of N = 1, 2, 3, and 4, respectively. Most interestingly, the fluorination can also turn few-ZnOLs from semiconductor into half metallicity with a half-metal gap up to 0.56 eV. These excellent electronic and magnetic properties may open 2D ZnO based materials great opportunity in future spintronics.
I. INTRODUCTION
Graphene, a single atomic layer thick two-dimensional ͑2D͒ material, has been extensively investigated both experimentally and theoretically because of its unique mechanical, electronic, and magnetic properties. [1] [2] [3] However a perfect graphene owns almost zero band gap, which prevents it to be an ideal semiconducting material for electronic application, in which a medium band gap as that of silicon ͑ϳ0.7 eV͒ is required.
Beyond nanocarbon, zinc oxide ͑ZnO͒ is probably the mostly studied nanomaterial because of its diverse applications in chemical sensing, high transparency, piezoelectricity, biocompatibility, and so on. 4, 5 Various ZnO nanostructures including nanowires, nanorods, nanoplates, etc., have been successfully synthesized. 6 In particular, Tusche et al. 7 observed the depolarized ZnO ͑0001͒ monolayers ͑MLs͒ deposited on Ag ͑111͒, in which ZnO MLs manifest a planar hexagonal graphitic structure when the thickness is less than four atomic layers. Theoretically, ab initio studies [8] [9] [10] [11] [12] also revealed that the stability of the planar few ZnO layers ͑few-ZnOLs͒ originates from strong in-plane sp 2 hybridized bonds between Zn and O atoms.
In this work, we present a comprehensive investigation on the structure, stability, and bonding characteristic and chemical functionalization of few-ZnOLs via density functional theory ͑DFT͒. We find that the formation of stable, planar graphitic structures for few-ZnOLs stems from the strong in-plane covalent-ionic bonding and weak ionic bonding between layers. Most interestingly, fluorination can significantly alter the electronic structure and spin splitting of few-ZnOLs and even give rise to the half metallicity in 2D nanostructures. As the half-metallic materials are semiconducting in one spin channel while metallic in the opposite spin channel, 100% spin-polarized current flow can be generated. [13] [14] [15] [16] [17] This may open new application of 2D ZnO nanomaterials in spintronics.
II. COMPUTATIONAL METHOD
Our calculations are performed within the framework of spin-polarized plane-wave DFT, implemented in the Vienna ab initio simulation package ͑VASP͒. 18 The exchangecorrelation potential is approximated by general gradient approximation parametrized by Perdew et al. 19 Projected augmented wave 20 method is employed to describe the electronion potential. A kinetic energy cutoff of 500 eV is selected for the plane-wave expansion. A 2 ϫ 2 ϫ 1 supercell is adopted in structural relaxations ͓Fig. 1͑a͔͒. Few-ZnOLs are separated by more than 12 Å to avoid artificial interactions between two sheets. The Brillouin zone is sampled by 5 ϫ 5 ϫ 1 and 9 ϫ 9 ϫ 1 k-point meshes within Monkhorsta͒ Electronic mail: jlwang@seu.edu.cn. Pack scheme 21 for geometry optimizations and further calculations on electronic structure and other properties, respectively. All structures are fully relaxed without any symmetry constraint until both the Hellmann-Feynman forces acting on each ion and total energy change are less than 0.005 eV/Å and 1 ϫ 10 −4 eV, respectively.
III. RESULTS AND DISCUSSION

A. Pristine few-ZnOLs
Starting from a structure cut from the ZnO wurtzite crystal and terminated with the ͑0001͒ polar surface, ab initio optimization leads to a planar nonpolar 2D hexagonal honeycomb lattice with D 3h symmetry, where Zn ͑O͒ atoms of one layer neighboring the O ͑Zn͒ atoms of the nearest layer, which is predicted to be the energetically most favorable stacking type for ZnO MLs ͑Ref. 12͒ ͓Figs. 1͑a͒ and 1͑b͔͒. Unlike fourfold coordinated Zn and O atoms in the bulk wurtzite structure, each atom in the planar few-ZnOLs is threefold coordinated, consistent with earlier theoretical predications. [8] [9] [10] [11] [12] The 2 hybridization of Zn and O atoms. Meanwhile, a significant charge transfer from Zn ͑ϳ0.8e͒ to O ͑ϳ−0.8e͒ is also observed, which indicates that ionic interaction also contributes to the intralayer binding. On the contrast, a Zn atom and a corresponding O atom in a neighboring layer form ionic bond through the electrostatic interaction. As the interlayer distances D Zn-O are relatively large ͑2.37-2.38 Å͒, the interaction between the layers is thus relatively weak, which can be clearly seen from the average interlayer binding energy below. This covalent-ionic bonding characteristic can be identified from charge density shown in Fig. 2͑a͒ , in which significant charge overlap between intralayer Zn and O atoms can be seen while charge overlap between layers is negligible.
The interlayer interaction can be evaluated by average interlayer binding energy ͑E b ͒ per layer of a unit cell defined as
where E NLs is the total energy of the N-layer ZnO sheets in a unit cell, E ML is the energy of the ZnO ML, and N is the number of the layers. As shown in Fig. 2͑b͒ , the E b is less than 0.3 eV per unit cell, indicating that the interaction between neighboring few-ZnOLs is quite weak. Furthermore, the gradually increased interlayer interaction drives the fewZnOLs go back to wurtzite structure after a critical thickness. Tu and Hu 10 found that a ZnO thin film less than four Zn-O layers prefers the planar graphitic structure rather than the wurtzite structure, in good agreement with the experimental observation. 7 Moreover, when the film goes thicker, it exhibits a wurtzite structure with a nonpolar planar surface. 22, 23 Regarding of electronic structure, different from semimetal graphene, few-ZnOLs are semiconductor and the band gap smoothly decreases as the thickness increases ͓see Fig.  2͑c͔͒ . Band structures of the mono-and bilayer ZnO sheets ͑see Fig. 3͒ indicate that the few-ZnOLs retain the direct band gap property of their wurtzite bulk. The component analysis on the bands of the ZnO ML reveals that the valence bands near the Fermi level are mainly composed of O 2p orbitals. Particularly, the two top valence bands in red mainly originated from the p x and p y states of oxygen. They are quite delocalized as the intralayer sp 2 hybridization results in a notably strong interaction between O 2p x , 2p y , and Zn 3d orbitals. On the other hand, the O p z orbitals do not form -bonding with its neighboring Zn d orbitals and thus are rather localized, unlike the case of graphene of which and ‫ء‬ bands cross at the K point of the Brillouin zone. As for the ZnO bilayer, due to the layer-layer interaction, the bands of each layer are not fully degenerated. As a consequence, the redistribution of bands narrows the band gap ͓Fig. 2͑c͒, the right panel of Fig. 3͔ . Although the systematic underestimation of the band gap is a common drawback of the DFT methods, 24 the dependence of the electronic properties of the few-ZnOLs on their thickness should be valid. This tunable band gap makes few-ZnOLs a good complementary to graphene.
B. Fluorinated few-ZnOLs
On-plane chemical functionalization is a feasible way to modify the electronic and magnetic properties of 2D materials. The fully hydrogenated graphene has been predicted theoretically 25 and synthesized by exposing graphene in hydrogen plasma environment, 26 which turns a semimetal graphene into a semiconductor graphane. Moreover, ferromagnetism in semihydrogenated graphene has been predicted theoretically. 27 Chemical functionalization can also change the indirect gap of the 2D polysilane to a direct gap 28 and the metallic silicon surface to a semiconductor in different cesium coverages. 29 Then, what is the case of 2D fewZnOLs? Based on the pristine structures above, we study the on-plane fluorinated few-ZnOLs ͑F-few-ZnOLs͒. Due to fact that 2D few-ZnOLs are prepared on the Ag ͑111͒, 7 we only study one side fluorination of few-ZnOLs here.
We first consider the fluorinated ZnO monolayer ͑F-ZnO ML͒. Three different adsorption positions including one hollow site and two top sites ͑both Zn and O top sites͒ are taken into account. The energetically most preferred structure is a trilayer configuration with C 3v symmetry consisting of a Znplane sandwiched between F-and O-planes ͓Figs. 4͑a͒ and 4͑b͔͒. The distance between these planes are 1.04 and 0.87 Å, respectively. The isosurface of total charge ͓the left panel of Fig. 4͑b͔͒ indicates that each F atom is bonded with the nearest three Zn atoms and the bond length is 2.17 Å. The charge density difference, calculated by subtracting charge density of free Zn, O, and F atoms from that of F-ZnO ML, is displayed in the right panel of Fig. 4͑b͒ . Similar to the unfluorinated few-ZnOLs, there is significant charge transfer between Zn atoms and F ͑O͒ atoms, corresponding to their covalent-ionic bonding nature. Moreover, the charge transfer between Zn and F atoms weakens the electrostatic interaction between Zn and O atoms. As a result, the d Zn-O increases to 2.06 Å, i.e., about 8% longer than in the pristine ZnO ML.
In terms of magnetic property, the pristine ZnO ML is nonmagnetic ͑NM͒ as each O atom receives enough electrons from the nearest Zn atoms to fill up all p orbitals. However, after fluorination, about one electron transfers from a Zn to a F atom, leaving an electron in O atoms unpaired. Our DFT calculation shows that the F-ZnO ML is a ferromagnetic ͑FM͒ coupling with a total magnetic moment of 0.84 B per unit cell and the FM state has lower energy than the NM state by 0.5 eV per unit cell. The spin density ͓see Fig. 4͑c͔͒ indicates that the magnetic moment is mainly located on the O atoms ͑about 0.67 B per atom͒, while the F or Zn atoms carry very small spins ͑less than 0.12 B ͒. This is similar to the situation in ZnO nanoribbons, in which magnetic moments are mainly contributed from edged O atoms. [30] [31] [32] We also calculate the antiferromagnetic ͑AFM͒ state ͓see Fig. 4͑c͔͒ and found that it is 0.16 eV per supercell higher in energy than the FM state. Using the Heisenberg model and mean field theory, we can get an estimation of the Curie temperature of FM F-ZnO ML of 460 K, showing that the F-ZnO ML is a robust ferromagnet.
The band structure and density of states ͑DOS͒ of the F-ZnO ML are presented in Fig. 5 . The partial DOS reveals that O 2p orbitals are pronounced near the top of valence band ͓see Fig. 5͑b͔͒ . The large spin splitting leads to the states around the Fermi level being wholly contributed from the spin-down states of p states of O atoms and d states of Zn atoms; some O 2p z orbitals are even pushed above the Fermi level ͓see Fig. 5͑a͔͒ leaving the valence states in the spin-up channel about 0.5 eV below the Fermi level. Thus the magnetism is mainly from the O 2p z orbitals in the spin-up channel. The long-range magnetic coupling among these O p moments results in a FM ordering of the F-ZnO ML. Similar magnetic ordering between p moments in 2D network was also observed on partially hydrogenated graphene 27 and Si ͑111͒ surfaces. 33 Most importantly, the band structure shows that the spin-down channel is metallic with the O p states crossing the Fermi level, while the spin-up channel is semiconducting with a quite large band gap of about 4.40 eV. In another words, the fluorination leads to a significant electronic structure modification and turns the semiconducting ZnO ML into the half-metallic F-ZnO ML. Moreover, the half-metal gap, defined as the difference between the Fermi level and the topmost occupied spin-up band, is 0.537 eV, which is the largest half-metal gap ever reported. This gap is large enough for high temperature operation up to 1000 K. In order to validate the half-metallic property of F-ZnO, we further exploited the exchange-correlation functional with both the local spin density approximation ͑LSDA͒ and the fully localized limit of the LSDA+ U method. 34 Here, the on-site d-d Coulomb interaction, U, and the on-site exchange interaction, J, are 4.5 and 0.5 eV, respectively, which are typical values for the 3d transition metals. 35 Both LSDA and LSDA+ U calculations show that F-ZnO layer is a good half metal with the half-metal gaps of 0.671 eV and 0.673 eV, respectively. So we conclude that the half metallicity of F-ZnO ML is robust and independent of the calculation method. Half metallicity was also found in partially hydrogenated boron nitride nanoribbons 36 and edge-passivated ZnO nanoribbons. 32 However, as the on-plane chemical modification on 2D sheet does not need to cut the ZnO sheet into ribbon, it is expected to be realized experimentally more easily.
Although the F-ZnO ML shows novel half metallicity with considerable magnetic moment, its fabrication is still a big challenge. Experimentally, synthesis of few-ZnOLs might be easier. Can the F-few-ZnOLs maintain the half metallicity as the thickness increases? How is the stability of F-few-ZnOLs? To answer these questions, we study the fluorination on multilayer ZnO sheet with layer numbers N = 2, 3, and 4. Similar to the F-ZnO ML, the fluorination leads to the reduction in the interlayer Zn-O bonds ͑D Zn-O ͒. Moreover, the farther the layer is from F atoms, the larger the D Zn-O is, e.g., the D Zn-O of the four-layer F-few-ZnOLs are 1.95, 2.03, and 2.10 Å from F side to the other unfluorinated ZnO side, respectively ͑see the inset in Fig. 6͒ . This means that fluorination turns the original 2D flat ZnO structure to a three-dimensional bulklike one and thus significantly increases the interlayer binding strength.
The F-few-ZnOLs are also FM with the total magnetic moments per unit cell around 0.8 B ͑Fig. 7͒. The Zn atoms in layer II can provide electrons to the O atoms in layer I, which reduces the number of unpaired O p electrons in layer I. Meanwhile, as the electrons are transferred from layer II to layer I, the O atoms in layer II cannot gain enough electrons from the Zn atoms, thus, leading to part of O p electrons in layer II unpaired and producing certain local magnetic moment. In such a way, the local magnetic moments on O atoms are handed on layer by layer as the layer increases.
In terms of electronic properties, our calculation shows that the half metallicity can also be achieved for the F-ZnO bilayer and the half-metal gap is still large enough ͑0.187 eV͒ for room-temperature operation. When the thickness is more than three layers, the bands in the spin-up channel begin to cross the Fermi level and the 100% spin polarization is no longer available ͑see Fig. 8͒ . Nevertheless, for the case of the F-ZnO trilayer, the band only crosses the Fermi level at gamma point by 0.001 eV in the spin-up channel while high spin density crosses the Fermi level in the spin-down channel, which shows that it is actually also a good spin filter and is quasi-half-metal. This trilayer thickness supplies sufficient technical space for experimental realization of few-ZnOLs, 7 and we anticipate that such a half-metallic FM property of the F-few-ZnOLs will give the 2D ZnO based materials great opportunities in future nanodevice industry.
To evaluate the stability of F-few-ZnOLs, the binding energy of F to few-ZnOLs ͑E b ͒ is calculated from the formula
where E ZnO and E F-ZnO are the total energy of the pristine and fluorinated few-ZnOLs of a unit cell, and E F 2 is the total energy of an F 2 molecule. The calculated binding energy monotonically increases from 0.89 to 1.34 eV with the number of layers varying from 1 to 4 as shown in Fig. 6 , which shows that few-ZnOLs can be fluorinated easier than ML.
IV. CONCLUSIONS
We have systematically investigated the structural, electronic, and magnetic properties of the 2D ZnO atomic layers by means of spin-polarized DFT. The pristine few-ZnOLs form stable hexagonal graphitic structures with shortened intralayer Zn-O distances and elongated interlayer Zn-O distance, in good agreement with the experimental observations. Different from the covalent intralayer bonding and van der Waals interlayer interaction in graphene, ours results show that the layered ZnO sheet is attributed to a strong covalentionic intralayer bonding and a weak ionic interlayer interaction between Zn and O atoms. The few-ZnOLs are all semiconductor and the band gap decreases with increasing thickness. Furthermore, the on-plane fluorination has been studied in great detail. The fluorination from one side turns the planar few-ZnOLs back to the wurtzitelike corrugated structure and enhances the stability of the 2D ZnO films. The fluorinated few-ZnOLs are found to be FM and the magnetic moments of the F-few-ZnOLs are as high as 0.84, 0.89, 0.87, and 0.72 B per unit cell for N=1-4, respectively. More interestingly, the half-metallicity can be achieved with the thickness less than four layers. The half-metal gap is as large as 0.5 and 0.2 eV for the F-ZnO ML and bilayer, which makes them robust spintronic materials. These diverse electronic and magnetic properties of few-ZnOLs may open new applications of the traditional ZnO materials in nanoelectronics and spintronics. However, due to the limitation of computing capability, here, we have not taken the influence of the substrate into account in this study. How does the substrate affect the electronic structure of the F-few-ZnOLs and whether the half-metallicity can still be preserved need to be further investigated. 
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